Axons and dendrites are long and often ramified neurites that need particularly intense plasma 1 9 membrane (PM) expansion during the development of the nervous system. Neurite growth 2 0 depends on non-fusogenic Sec22b-Stx1 SNARE complexes at endoplasmic reticulum (ER)-PM 2 1 contacts. Here we show that Sec22b interacts with the endoplasmic reticulum lipid transfer proteins 2 2
neurons. Overexpression of E-Syt2 induced the formation of actin-positive filopodia and 2 1 7 ramifications, particularly in the growing axons ( Fig. 5A; Fig. S2 ). Comparison of the phenotype of 2 1 8 neurons expressing Myc-E-Syt2, and neurons expressing E-Syt2 mutant versions, lacking either 2 1 9 the SMP (Myc-E-Syt2 Δ SMP ) or the membrane spanning domain (Myc E-Syt2 Δ MSD[1-2 2 0 72]) domains was undertaken using the Myc-Empty vector as negative control (Fig. 5B ). 2 2 1
Quantification of morphological parameters of transfected cells showed that neurons 2 2 2 overexpressing Myc-E-Syt2 displayed a ~1.5-and a ~2-fold increase in the total neurite length and 2 2 3 in the number of branching, respectively, as compared to E-Syt2 mutants or negative control ( Fig.  2  2  4 5C). Surprisingly, despite a tendency measured as a ~35% increase, the major neurite was not 2 2 5 significantly longer in Myc-E-Syt2 overexpressing neurons ( Fig. 5C ). Noteworthy, E-Syt2 mutants 2 2 6 exhibited no significant differences in the parameters analyzed when compared to the negative 2 2 7 control. Thus, elevating the expression level of wild type but not mutant E-Syt2 in developing 2 2 8 neurons clearly promoted neurite growth and ramification. 2 2 9
E-Syts overexpression stimulates membrane growth in HeLa cells 2 3 0
To assess whether the increase in growth observed in neurons is a general feature resulting from 2 3 1 E-Syt2 overexpression, we compared the phenotype elicited by expression of Myc-E-Syt2 and its 2 3 2 deleted mutants in non-neuronal HeLa cells, following an experimental paradigm similar to that 2 3 3 used in the previous experiment. Briefly, we transfected HeLa with Myc-E-Syt2, Myc-E-Syt2 2 3 4 Δ SMP , Myc E-Syt2 Δ MSD or Myc-Empty vector together with eGFP. Two days 2 3 5 after transfection, cell were fixed and the eGFP immunostaining was used to allow a phenotype 2 3 6 comparison in the different conditions ( Fig. 6A, B) . Consistent with the observations in developing 2 3 7 neurons, a clear morphogenetic effect was observed. Myc-E-Syt2 overexpressing HeLa cells 2 3 8 displayed an enhanced filopodia formation as compared to control and mutants overexpression, as 2 3 9 measured by the percentage of the PM spikes area over the total cell surface ( Fig. 6C ). Taken 2 4 0 together, these results provide additional evidence of the involvement of E-Syts in membrane 2 4 1 growth, both in neuronal and non-neuronal contexts. 2 4 2
E-Syts-mediated morphogenetic effect depends on Stx1 2 4 3
Next, the role of the ternary assembly of E-Syt2, Sec22b and Stx1 in the phenotype of enhanced 2 4 4 neuronal growth elicited by E-Syt2 was investigated. To this end, we designed experiments aimed 2 4 5 at impairing Stx1 in neurons overexpressing Myc-E-Syt2. Enzymatic disruption of the SNARE 2 4 6
Sec22b-Stx1 complex was achieved using botulinum (BoNT) neurotoxins, zinc-endoproteases 2 4 7 known to cleave SNARE proteins (Binz et al, 2010; Binz, 2013; Sikorra et al, 2008) . For this study, 2 4 8 purified BoNT/A was used to cleave SNAP25, BoNT/C1 to cleave both Stx1 and SNAP25, and 2 4 9
BoNT/D to cleave VAMP2 (Fig. 7A ). We nucleofected rat hippocampal neurons with Myc-E-Syt2 2 5 0 and, before fixation at 3DIV, we incubated cells with BoNTs (as indicated in figure legend). Cells 2 5 1 incubated with the toxins-diluting culture medium were used as negative control. Since exposure to 2 5 2
BoNT/C1 at high concentrations and for long incubation periods causes degeneration of neurons in 2 5 3 culture (Osen-Sand et al, 1996; Igarashi et al, 1996) , various concentrations and incubation times 2 5 4
were tested, and a 4-hour treatment of neurons with 1nM BoNTs was chosen to avoid such 2 5 5 deleterious effects. This low concentration of toxins, associated with a relatively short incubation 2 5 6 period, is sufficient to induce SNARE cleavage, as shown by reduced protein signals detected after 2 5 7
Western blotting ( Fig. 7B, C) . Assuming that Sec22b, Stx1 and E-Syt2 form a complex, only 2 5 8
BoNT/C1 was expected to prevent the E-Syt2-induced phenotype of growth, since this would occur 2 5 9 following a cleavage of Stx1. BoNT/A and D, acting on SNAP25 and VAMP2 respectively, should 2 6 0 have no effect. Noticeably, the cleavage of Stx1, occurring after BoNTC/1 incubation, was found to 2 6 1 cause a ~50% decrease in the extent of branching, resulting in a ~20% reduction of the total 2 6 2 neurite length, as compared to neurons incubated with the other tested BoNTs and negative 2 6 3 control ( Fig. 7D, E) . No significant decrease in the length of the major neurite was observed in cells 2 6 4 after BoNT/C1 incubation.
6 5
These results support the conclusion that Stx1 is required for E-Syt2 to promote neuronal growth, 2 6 6 as particularly stressed out by ramification and filopodia formation. In view of the data reported above, it was necessary to investigate whether the distance between 2 7 0 ER and PM of contact sites formed by Sec22b and Stx1 was a determining factor for the 2 7 1 acquisition of the E-Syt2-mediated morphological phenotype. To this end, the GFP-Sec22b-P33 2 7 2 mutant was used as previously described (Petkovic et al, 2014) . In GFP-Sec22b-P33 the SNARE 2 7 3 and transmembrane domains of Sec22b are linked by a stretch of 33 prolines (Fig. 8A ). Electron 2 7 4 tomography analysis showed that GFP-Sec22b-P33 expression resulted in a 6-nm increase of of 2 7 5 the ER to PM distance at contact sites, without changing Sec22b localization and its interaction 2 7 6 with Stx1 (Petkovic et al, 2014) . Co-expression of the GFP-Sec22b-P33 mutant with Myc-E-Syt2 2 7 7 was found to prevent the increase in branching observed in neurons overexpressing E-Syt2 ( Fig.  2  7  8 8B, C). This data confirmed and extended results obtained by impairing Stx1 via BoNT/C1. They 2 7 9 support the notion that, for E-Syt2 to perform its function in membrane growth, the strict structure 2 8 0 of the Sec22b-Stx1 complex is required at ER-PM contact sites. 2 8 1
To gain further insight in the requirement of Sec22b in E-Syts mediated neurite growth, the effect 2 8 2 of co-expressing the Sec22b Longin domain with E-Syt2 was tested because we showed Furthermore, in mammalian cells, both Sec22b and Stx1 were shown to interact with the ER-3 1 7 resident VAMP-associated protein VAP-A. (Weir et al, 2001) . VAP-A mediates stable ER-PM 3 1 8
tethering (Loewen et al, 2003) and binds a wide number of LTPs, such as oxysterol-binding protein 3 1 9
(OSBP)-related proteins (ORPs) and ceramide transfer protein (CERT) (Lev, 2010) . Identifying the 3 2 0 full catalogue of LTP associated with PM Stx and Sec22b will thus be an important future direction 3 2 1 to understand in details the molecular mechanisms occurring at ER-PM contact sites. 3 2 2 3  2  3 junctions operating in membrane expansion 3 2 4
Interdependence of E-Syts and Sec22b-Stx complexes for the establishment of ER-PM
The association of Sec22b to PM Syntaxins was dependent upon E-Syts expression because it 3 2 5 was increased upon E-Syts overexpression and reduced in the absence of the three E-Syts 3 2 6
isoforms. By promoting Sec22b/PM Stx interaction, E-Syts may increase the abundance of close 3 2 7 contact sites between ER and PM because SNARE complexes mediate a ~10nm distance. This 3 2 8
shortening of the distance between the ER and the PM may further enhance the LTP activity of E-3 2 9
Syts as it was shown using DNA-origami in vitro (Bian et al, 2019) . In addition, E-Syts interaction 3 3 0 may take Sec22b away from its main function of mediating fusion events within the anterograde 3 3 1 and retrograde membrane trafficking between ER and Golgi, in association with SNARE partners 3 3 2 such as Stx5 or Stx18 (Burri et al, 2003; Liu & Barlowe, 2002) . As an ER-resident protein, Sec22b 3 3 3
can diffuse over the entire ER network, and thus is expected to visit areas of cortical ER where it 3 3 4 can be trapped by E-Syts eventually engaged in an ER-PM tethering (Fig. 9 ). This in turn increases 3 3 5 the probability to bind the PM-residing Syntaxins and form a complex in trans-configuration. In this 3 3 6
view, E-Syts would have a dual function. Firstly, they would be responsible for promoting the 3 3 7
formation of a non-fusogenic membrane-tethering complex with PM containing Sec22b and PM 3 3 8
Stx. Secondly, the lipid transfer activity E-Syts would be enhanced by the formation of the minimal 3 3 9
ternary complex E-Syts-Sec22b-Stx because the distance between the ER and the PM would be 3 4 0 smaller at these interaction sites. This dual activity of E-Syts could be viewed as the generation of 3 4 1 a MCS specialized for lipid transfer functioning in membrane growth. 3 4 2
Morphogenetic effect of E-Syt overexpression 3 4 3
Our data showed that the elicited membrane expansion promoted by elevated E-Syt2 expression reversed the effect of E-Syt2 overexpression and BoNTD, which cleaves VAMP2, had not effect. It 3 5 0 is thus very clear that E-Syts, Stx1 and Sec22b interact both biochemically and functionally. 3 5 1
Interestingly, growth was not impaired in cells expressing E-Syt2 mutants, as we could not detect 3 5 2 significant differences in membrane expansion as compared to control cells. Therefore, expression 3 5 3 of these mutants did not act in a dominant negative manner. These results suggest that other LTPs 3 5 4
share redundant function with E-Syts. Furthemore, Esyt triple knockout mice display no major 3 5 5 defects in neuronal development and morphology (Sclip et al, 2016) whereas recent data showed 3 5 6
that dE-Syt knockout in the fly led to major growth defect (Nath et al, 2019) . Taken together, these 3 5 7 evidence suggest that a functional redundancy exists among LTPs in promoting membrane growth important for axon formation (Bradke & Dotti, 1999) , and actin dynamics is regulated by lipidic rafts 3 6 6 (Caroni, 2001), it will also be particularly interesting to characterize the lipidic composition of E-Syt-3 6 7 generated filopodia plasma membrane. 3 6 8
In conclusion, the protein complex between E-Syts and Sec22b unraveled here appears as an Primary antibodies used in this study were: mouse monoclonal anti-Sec22b 29-F7 (Santa Cruz, sc-3 7 8 101267); rabbit polyclonal anti-ESYT2 (Sigma-Aldrich, HPA002132); rabbit polyclonal anti-3 7 9
Calnexin (Cell Signaling, 2433S); mouse monoclonal anti-GFP (Roche, 11814460001); mouse 3 8 0 monoclonal anti-c-myc 9E10 (Roche, 11667203001); mouse monoclonal anti-FLAG M2 (Sigma-3 8 1 Aldrich); mouse monoclonal anti-Stx1 HPC-1 (Abcam, (ab3265); mouse monoclonal anti-SNAP25 3 8 2 (Synaptic Systems, 111011); rabbit polyclonal anti-VAMP2 (Synaptic Systems, 104 202); rabbit 3 8 3 polyclonal anti-beta3 tubulin (Synaptic Systems, 302 302); chicken polyclonal anti-MAP2 (AbCam, 3 8 4 ab5392); goat polyclonal anti-GFP (AbCam, ab6673); Alexa Fluor™ 633 Phalloidin (ThermoFisher, 3 8 5 A22284). Rabbit polyclonal anti-Sec22b (TG51) and rabbit polyclonal anti-Syntaxin3 (TG0) were 3 8 6 produced in the laboratory. were obtained from Dharmacon (GE Healthcare) (Sec22b: Clone3051087, Accession BC001364; 3 9 4
Syntaxin2: Clone 5296500, Accession BC047496; Syntaxin3: Clone 3010338, Accession 3 9 5 BC007405). 3 9 6
Construction of Δ LonginSec22b -pHluorin: 3 9 7 Δ LonginSec22b-pHluorin was generated from ERS24-pQ9 construct and cloned into pEGFPC1-3 9 8 pHluorin using the following primers: Hippocampal neurons from embryonic rats (E18) were prepared as described previously (Dotti et 4 4 4 al, 1988 ) and modified (Danglot et al, 2012) . Cells were grown on onto poly-L-lysine-coated 18-mm 4 4 5 coverslips (1 mg/ml) or 30-mm plastic dishes (0.1 mg/ml) at a density of 25,000-28,000 cells/cm 2 in 4 4 6
Neurobasal-B27 medium previously conditioned by a confluent glial feeder layer [Neurobasal 4 4 7 medium (ThermoFisher 21103049) containing 2% B27 supplement (ThermoFisher A3582801), and 4 4 8 500 μ M L-Glutamine (ThermoFisher 25030024)]. Neurons were transfected before plating by using 4 4 9
Amaxa Rat Neuron Nucleofection Kit (Lonza VPG-1003) following manufacturer's instructions. 4 5 0
After 3 days in vitro (3DIV), neurons were processed for immunofluorescence or lysed for 4 5 1 immunoblot assays. 4 5 2 Botulinum Neurotoxins (BoNTs) treatment 4 5 3
BoNT/A, BoNT/C,, BoNT/D were produced as previously (Strotmeier et al, 2011) . Toxins working 4 5 4 concentration at 1 nM in culture media were prepared from 4 µM stock solutions. 4 5 5
Hippocampal neurons overexpressing Myc-E-Syt2 were treated with BoNT/A, BoNT/C, BoNT/D or 4 5 6 naïve culture media at 3DIV and maintainedfor 4 hours at 37°C and 5% CO 2 . After extensive 4 5 7 washing with culture media, cells were processed for immunofluorescence or lysed for immunoblot 4 5 8 assays. 4 5 9
Immunofluorescence 4 6 0
HeLa cells and hippocampal neurons at 3DIV were fixed on coverslips in 4% paraformaldehyde in 4 6 1 PBS for 15 minutes and quenched in 50 mM NH 4 Cl in PBS for 20 min. Cells were then 4 6 2 permeabilized in 0.1% (w/v) Triton X-100 in PBS for 5 min and blocked in 0.25% (w/v) fish gelatin 4 6 3 in PBS for 30 min. Primary antibodies were diluted in 0.125% fish gelatin in PBS and incubated 4 6 4 overnight at 4°C. After washing, secondary antibodies conjµgated with Alexa 488, 568, 594 or 647 4 6 5
were incubated for 45 min at room temperature before mounting in Prolong medium (ThermoFisher 4 6 6 P36930). 4 6 7
Surface staining 4 6 8
Hippocampal neurons at 3DIV were placed on an ice-chilled metallic plate. Neurobasal medium 4 6 9 was replaced with ice cold DMEM with 20 mM Hepes containing primary antibody (mouse anti-4 7 0 GFP). Cells were incubated for 5-10 min on ice. Cells where then washed with PBS at 4°C and 4 7 1 fixed with 4% para-formaldehyde sucrose for 15 min at room temperature. Following fixation, cells 4 7 2 were subjected to the already described whole cell staining protocol. The total pool of tagged 4 7 3 proteins was detected with goat anti-GFP antibody. Images were acquired on the epifluorescent 4 7 4 microscope with the same exposure in all conditions. Presence at the plasma membrane was 4 7 5 expressed as ratio between total and surface signal. 4 7 6
In situ proximity ligation assays (PLA) 4 7 7
In situ proximity ligation assays (PLA) to quantify protein vicinity in HeLa cells and in neurons on 4 7 8 coverslips as indicated in figures were performed using the Duolink In Situ Detection Reagents 4 7 9
Orange kit (Sigma-Aldrich, DUO92007). Cells were fixed, permeabilized as described above, 4 8 0 blocked in Duolink Blocking solution (supplied with the kit) for 30 min at 37°C in a humidified 4 8 1 chamber. This was followed by incubation with the primary antibodies rabbit Stx3 (4µg/ml), or 4 8 2 rabbit E-Syt2 (2µg/ml) or rabbit Calnexin (2µg/ml) and mouse Sec22b (2µg/ml). For the rest of the 4 8 3 protocol the manufacturer's instructions were followed. Briefly, cells were washed in kit Buffer A 3 4 8 4 times for 15 minutes and incubated with the PLA probes Duolink In Situ PLA Probe Anti-Mouse 4 8 5 PLUS (Sigma-Aldrich, DUO92001) and Duolink In Situ PLA Probe Anti-Rabbit MINUS (Sigma-4 8 6
Aldrich, DUO92005) for 1 hour at 37°C in a humid chamber followed by two washes of 5 min in 4 8 7
Buffer A. The ligation reaction was carried out at 37°C for 30 min in a humid chamber followed by 4 8 8 two washes of 5 min in Buffer A. Cells were then incubated with the amplification-polymerase 4 8 9 solution for 100 min at 37°C in a dark humidified chamber. After two washings with kit Buffer B for 4 9 0 10 minutes followed by a 1 minute wash with 0.01x Buffer B, cells were mounted using the Duolink 4 9 1
In Situ Mounting Medium with DAPI (Sigma-Aldrich, DUO92040). 4 9 2
Microscopy and image analysis (missing STED) 4 9 3
Confocal imaging: Z-stacked confocal images of neurons and HeLa cells were acquired in a 4 9 4
Leica TCS SP8 confocal microscope (Leica Microsystems CMS GmbH), using a 63x/1.4 Oil 4 9 5 immersion objective. 4 9 6
HeLa cells live imaging: HeLa co-expressing mCherry-Sec22b and GFP-E-Syt2 were transferred 4 9 7
to an imaging chamber (Chamlide EC) and maintained in Krebs-Ringer buffer (140mM NaCl, 4 9 8 2.8mM KCl, 1mM MgCl2, 2mM CaCl2, 20mM HEPES, 11.1mM glucose, pH 7.4) . Time-lapse 4 9 9
videos were recorded at 5s intervals for 2min using an inverted DMI6000B microscope (Leica 5 0 0
Microsystems) equipped with a 63X/1.4-0.6 NA Plan-Apochromat oil immersion objective, an 5 0 1 EMCCD digital camera (ImageEMX2, Hamamatsu) and controlled by Metamorph software (Roper 5 0 2 Scientific, Trenton, NJ). To virtually abrogate latency between two channels acquisition, 5 0 3 illumination was sequentially provided by a 488nm-and a 561nm-diode acousto-optically shuttered 5 0 4 lasers (iLas system; Roper Scientific) and a dualband filter cube optimized for 488/561nm laser 5 0 5 sources (BrightLine; Semrock) was used. Environmental temperatures during experimental 5 0 6 acquisitions averaged 37°C. FIJI software was used for bleaching correction and for movies 5 0 7 montage. Binary mask of particles was generated by applying the wavelet-based spot detector 5 0 8 plugin of Icy imaging software (http://icy.bioimageanalysis.org) to each channel sequence. 5 0 9 STED imaging: Neuronal membrane was labeled on live neurons using the lectin Wheat Germ 5 1 0
Agglutinin (WGA) coupled to Alexa 488 nm for 10 min at 37°C. Neurons were washed and fixed 5 1 1 with a 4% PFA /0,2% Glutaraldehyde mixture and then processed for immunochemistry. Growth 5 1 2 cone were imaged with 3D STED microscopy using the 775 nm pulsed depletion laser. Depletions 5 1 3
were carried out on primary antibody to endogenous E-Syt2 labelled with secondary antibodies 5 1 4 coupled to Alexa 594. Sec22b-pHL were labelled with primary anti-GFP and ATTO647N secondary 5 1 5
antibodies. Acquisitions were done in 3D STED so that the voxel size were isotropic. Typically, we 5 1 6 imaged a matrix of 1400x1400 pixels over 20 to 25 z planes to include all the growth cone volume. 5 1 7
Growth cone was segmented using Icy "HK means" plugin (http://icy.bioimageanalysis.org/plugin/hk-5 1 8 m e a n s / ). Spatial distribution analysis of E-Syt2-and Sec22 was done using "Icy SODA" plugin 5 1 9
(Lagache et al, 2018) and a dedicated LD protocol automation. Briefly, E-Syt2 and Sec22b 5 2 0 distribution were analysed through the Ripley function. Statistical coupling between the two 5 2 1 molecules was assessed in concentric target. Over 13784 E-Syt2 clusters analysed in 4 different 5 2 2 growth cones, 20 percent were statistically associated with Sec22b. When associated, the 2 5 2 3 molecules were at 84nm ±9nm, which corresponds to 34% of Secc22b clusters. This coupling is of 5 2 4 very high significance since the p value was ranging between 10-5 and 10-24. Distance to the 5 2 5 plasma membrane (d) was measured using the Icy ROI inclusion analysis plugin (Lagache et al, 5 2 6 2018). 5 2 7 PLA signal: Maximum intensity projections of a confocal z-stack including a whole cell were 5 2 8 performed to observe the maximum amount of PLA puncta. The number of puncta per cell was 5 2 9 counted using the Cell Counter plugin in Fiji/ImageJ. In neurons, the PLA puncta were separately 5 3 0 counted in cell body, neurites and growth cones and the PLA signals were divided by the area of 5 3 1 the coresponding compartments. 5 3 2 Neurite length. For the analysis of neurite length of cultured neurons, images were analyzed using 5 3 3 the NeuronJ plugin in Fiji/ImageJ on the maximal intensity projections of z-stacks of the eGFP 5 3 4 channel. Main process and branches were measured for each neuron. We could not detect any 5 3 5 association among individual cells thereby we considered each cell a sampling unit. 5 3 6
Area of spikes: in Myc-E-Syt2 overexpressing HeLa cells, the spikes area was measured on the 5 3 7 maximal intensity projections of z-stacks of the eGFP channel. The measurement was carried by 5 3 8 subtracting the Region on Interest (ROI) of the cell without spikes, obtained with the tool 5 3 9
Filters/Median on Fiji/ImageJ by applying a radius of ~80 pixels, from the ROI of the entire cell. 5 4 0
GFP-Trap pull-down and Immunoblotting 5 4 1
Transfected HeLa or PC12 cells were lysed in TBS (20mM Tris-HCl, pH7.5, 150mM NaCl), 5 4 2 containing 2mM EDTA, 1% Triton-X100 and protease inhibitors (Roche Diagnostics). of clarified 5 4 3 lysate was obtained by centrifugation at 16,000xg 15 min, and 1 mg protein was submitted to GFP-5 4 4
Trap pull-down for 1 hour at 4 °C under head-to-head agitation using 10μl of Sepharose-coupled 5 4 5 GFP-binding protein (Rothbauer et al, 2008) prepared in the lab After four washes with lysis buffer, 5 4 6 beads were heated at 95°C for 5 min in reducing Laemmli sample buffer. Soluble material was 5 4 7 processed for SDS-PAGE using 10 % acrylamide gels and transferred on nitrocellulose 5 4 8 membranes (GE-healthcare). The membranes were blocked with 2.5% (w/v) skimmed milk, 0.1% 5 4 9 (w/v) Tween-20 in PBS. Membrane areas of interest were incubated with primary antibodies as 5 5 0 indicated in figure legends. After washing, the membranes were blotted with HRP-coupled 5 5 1 secondary antibodies. Revelation was carried out by using a ChemiDoc luminescence imager 5 5 2 (BioRad). 5 5 3
Statistical analysis 5 5 4
Calculations were performed in Microsoft Excel. GraphPad Prism software were used for statistical 5 5 5
